Introduction
Increasing populations and growing industrialization raise the energy demand in the world. Recent international agreements have indicated one feasible solution to make the development compatible with the environment: the widespread adoption of technologies to reduce energy consumption and the environmental impact of human activities. In this context, fuel cells (FCs) play an important role among the energy conversion devices that constitute a real prospect in the medium and long term.
Polymer Electrolyte Membrane FCs (PEMFCs) based on Nafion or other perfluorosulfonated polymers are widely used, although there are two main limitations: the high cost and the necessity to fully hydrate the membranes to keep their high proton conductivity. 1, 2 This also limits the working temperature below ca. 100 1C at ambient pressure, since the membrane dehydrates and the conductivity decays sharply above this temperature. High working temperatures would benefit PEMFC performance because of a higher CO tolerance, faster electrode kinetics and the existence of residual heat useful for energy cogeneration. 3, 4 In the last two decades, many non-fluorinated polymer materials for membranes have been considered as an alternative to Nafion. 5 Acid-doped poly(2,2 0 -(m-phenylene)-5,5 0 -bibenzimidazole) (PBI) polymers have been studied as membranes for the use in High Temperature Polymer Electrolyte Fuel Cells (HT-PEFCs), since they can be used at temperatures as high as 200 1C without humidification. [6] [7] [8] [9] [10] PBI is a polymer containing a basic functionality that allows the uptake of acid, which is responsible, and required, for the proton conduction. PBI based acid-base membranes have been proposed by several groups using heteroand homogeneous synthesis. 9, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The membranes show high conductivity at low humidity, 21 good thermal and mechanical strength, 22 high CO tolerance 23 and low gas crossover. 24 Among the many possible PBI derivatives, a very promising material is poly(2,5-benzimidazole) (AB-PBI). [25] [26] [27] It has been found that AB-PBI absorbs phosphoric acid (PA) more efficiently than PBI when treated with equal concentrated solutions. 25, [28] [29] [30] Furthermore, AB-PBI membranes have the same performances as PBI under the same conditions and can be produced easily and more safely from a single cheap monomer. 31 The use of Raman spectroscopy as a tool to study PBI type polymers is very rare, although there are beneficial aspects: the method is rapid, nondestructive and does not require sample preparation. 32 Recently, some PBI derivatives have been characterized by their Raman spectra through the attribution of many bending and stretching active modes. 33 In a few cases the spectra have been utilized to establish the presence of interactions between the polymer and PA in doped membranes. The formation of hydrogen bonding can be observed mainly in band shifting and intensity change. 34 Unfortunately, to the best of our knowledge, no complete series of measurements for different doping concentrations can be found in the literature.
In the present study, we report on a Fourier Transform Raman (FT-Raman) investigation of AB-PBI polymer membranes doped with various concentrations of ortho-phosphoric acid. Four differently doped membranes are examined and a correlation between the optical signal and the doping degree is analysed. The spectral features observed in the 500-2000 cm
À1
wavenumber range are discussed. An attempt to assign the nature of the various bands is presented. Correspondences based on previous reports on similar polymers and the results of this work are also reported. The information is of fundamental importance in order to elucidate the role of phosphoric acid in the conductivity mechanism of AB-PBI.
Experimental
Crosslinked poly(2,5-benzimidazole) (AB-PBI) membranes were obtained from FuMA-Tech GmbH, St. Ingbert, Germany and were additionally purified by heating at 150 1C for 30 min. Doped membranes were prepared by immersion in an aqueous solution of ortho-phosphoric acid (PA, 85 wt%, purchased from Merck) at 110 1C for different time periods to modulate their doping degree. The membranes were weighed before and after the immersion in acid. An AB-PBI membrane with a weight change of 42 wt% due to the absorption of aqueous phosphoric acid was obtained after an immersion time of 2 min. A weight change of 185 wt% after 10 min, a change of 286 wt% after 1 hour, and a change of 349 wt% after overnight immersion in aqueous acid were achieved (see also the calibration curve shown in Fig. 1 ).
Membrane thickness was determined using a Mahr Inductive Dial Comparator 2000 Extramess and a Planolith measuring table. The thickness ranges from 50 mm for the undoped material to approximately 100 mm for the highest doping levels.
Raman measurements were performed with a Bruker RAM II FT-Raman module coupled to a VERTEX70 spectrometer. A Ge diode detector was employed. For the excitation of the Raman modes, a Nd:YAG laser with a wavelength of l = 1064 nm was used. Excitation with shorter wavelength, i.e. starting in the visible range, was not used to avoid fluorescence phenomena, which considerably disturb the detection of Raman spectra. For the used setup, the spectral resolution was about 4 cm À1 .
Results and discussion
In Fig. 2 , the FT-Raman spectral features observed for pristine AB-PBI and AB-PBI doped with four different phosphoric acid concentrations are shown in the 500-2000 cm À1 wavenumber range. Three spectral regions, denoted by Greek letters, can be distinguished in the Raman spectra, delimited by dotted vertical lines.
Undoped AB-PBI
The Raman spectrum of the undoped membrane is shown in Fig. 2a . The most prominent bands are located between 1500 and 1650 cm À1 (g region), the most intense of them peaking at 1546 and 1614 cm
À1
. All these bands can be attributed to ) correspond to C-H in-plane vibrations. The two bands at 1134 and 1176 cm À1 are tentatively assigned to C-C skeletal stretching 33, [36] [37] [38] (peaks marked with crosses in Fig. 2 ). The band with maximum at 964 cm À1 (peak marked with a circle in Fig. 2 ) is most likely due to the ring breathing vibration of the benzene rings, as observed in Raman spectra of other polymers containing benzimidazole units. 33, 38, 39 Finally, the weak and broad peaks at lower wavenumbers, around 750 cm
, are due to C-H out-of-plane ring deformation 33, 40 and are labeled with the letter Z in a dotted circle in Fig. 2a . The assignment of the above reported bands is schematically given in Table 1 .
Phosphoric acid doped AB-PBI
After doping with phosphoric acid a shift and change in the relative intensity are observed for many of the Raman bands, especially in the 950-1800 cm À1 spectral region. The most striking difference between the spectra of undoped and doped membranes is the lack of the bands at 1546, 1421, and around 750 cm À1 in the spectra of the doped polymers. The following discussion strengthens the attribution of chemical hydrogen bonding interactions between AB-PBI polymer chains and phosphoric acid. Moreover, it is suggested that PA acts not only as a proton donor, but also as a swelling agent. PA seems to be responsible not only for the proton conduction but also for plasticizing processes in the membranes. The use of Raman spectroscopy as a tool to study the PBI type polymer is very rare. Recently meta-PBI, pyridine based PBI (PyPBI) random homo and copolymers and their composites have been characterized by Raman spectroscopy. 33, 34, 39 Our results match well with the previous data. 33, 34, 39 The vibrational assignments were made also by comparing the previously published vibrational assignments of poly-2,2 0 -mphenylene-5,5
0 -bibenzimidazole (PBI4N), 10,37,39 benzimidazole 41, 42 and pyridine. 43 Fig. 2b-e show the modifications of the Raman spectrum when prolonging the contact of the polymer membrane with phosphoric acid, i.e. when increasing the molar fraction of phosphoric acid in the membrane material. From these spectra it is evident that the addition of ortho-phosphoric acid leads to a substantial change in the optical response of the materials. The spectrum in Fig. 2e corresponds to the polymer membrane retained in a solution of 85% PA overnight.
No significant changes are observed between Fig. 2d and e so that we consider that the doping degree has reached the saturation level. Our assumption is supported by the results reported in Fig. 1 : the weight increase of the AB-PBI membranes doped with PA does not grow linearly but reaches a plateau when prolonging the immersion time of the membrane in phosphoric acid.
Evidence of physical-chemical interactions between polymer chains and phosphoric acid is the band shifting of the benzimidazole ring vibrations in the 1500-1650 cm À1 spectral g region. The new bands, either CQC stretching (1574 cm
À1
) or CQN stretching (1601, 1614, and 1630 cm À1 ), have to be associated with the formation of bonds between the acid protons of the PA and the nitrogens of the imidazole rings. In particular, as the polymer membrane is progressively doped with phosphoric acid, the prominent peak at 1546 cm À1 recorded in the Raman spectrum of pristine AB-PBI (Fig. 2a) gradually disappears: for AB-PBI at 42 wt% degree of PA doping, the peak intensity is already reduced to ca. 60% of its original value (Fig. 2b) . Proportionally, a new peak at 1574 cm À1 appears until it reaches a maximum in intensity for high values of PA. The Raman mode at 1546 cm À1 is diagnostic of the interactions between the polymer and the acid and disappears when the membrane environment is strongly rich in PA. Finally, the band at higher wavelength, a peak at 1614 cm À1 , does not change significantly when increasing the molar fraction of PA. These effects are compatible with the establishment of hydrogen bonds among the phosphoric acid and the polymer chains, and with the hindering of some of the polymer backbone vibrational modes due to the acid species.
To confirm the formation of hydrogen bonding networks in the phosphoric acid doped AB-PBI membranes, the band shifts in the spectral b region around 1440 cm À1 can be also considered. The signals are attributed to benzimidazole ring stretching vibrations and the well resolved medium intense peak at 1421 cm À1 recorded in the Raman spectrum of pristine AB-PBI progressively reduces in intensity as the doping level increases: for AB-PBI at 42 wt% degree of PA doping, the peak intensity is already reduced to ca. 55% of its original value (Fig. 2b) . For higher doping level, the Raman peak is completely absent. The two original peaks at 1450 and 1477 cm À1 (Fig. 2a ) are shifted to higher wavenumbers (1460 and 1500 cm À1 in Fig. 2e ). For b and g regions, the Raman signals are mostly related to the main structure of the polymer. The acid uptake introduces modifications not only in the inter-chain dipole-dipole interactions but also in the segmental motion of the polymer backbone chains, which are strongly coupled.
Attention should be paid to the appearance of a new weak band at 911 cm À1 as the doping degree increases (the peak marked with an arrow in Fig. 2d and e) . A similar signal at the same wavenumber but with a relatively higher amplitude was found in the Raman spectrum of concentrated phosphoric acid itself. 39 According to Li et al., the band is attributed to the presence of pure and free PA molecules. Thus, after a maximum degree of doping is reached, excess acid exists in the membranes. The presence of free PA at a high doping level has been observed by several authors in phosphoric acid doped PBI membranes using various techniques. 7, 9, 44 The very low intensity of the signal shows that the large majority of PA molecules are interacting with the polymer chains, i.e. hydrogen bonds between the protonated imidazole rings in the polymer chain and the phosphoric acid molecules occur. At the high doping levels of the saturation stage, the membrane material shows a high proton conductivity and is most suitable for the use in fuel cells.
The Raman pattern of the broad band in the 1200-1350 cm À1 a region changes for increasing doping levels and two peaks of medium intensity at 1279 and 1333 cm À1 are distinguishable ( Fig. 2c-e) . The signals are due to C-H in-plane bending vibrations and therefore are indicative of chain distortion in the polymer. In a recent paper, Di Noto et al. suggested that in undoped PBI polymers the C-H in-plane bending modes tend to be coupled with the N-H modes. 10 In comparison to the signals of the a region of undoped AB-PBI, there is a shift to the higher end of the a wavenumber range. The Raman results reported in Fig. 2 suggest that the uptake of phosphoric acid induces a swelling of the polymer so that the polymer chains seem to be more distantly related. The a region can be considered to be diagnostic of the interactions of AB-PBI chains with the environment.
After doping with PA, neither shift nor strong intensity changes are observed for the band peaking at 964 cm
(the band marked with a circle in Fig. 2) . Therefore, the influence of PA on the ring breathing vibration of the benzene rings is negligible. This observation also supports the attribution of interactions between phosphoric acid molecules and AB-PBI polymer chains due to the formation of hydrogen bonds involving only the imidazole ring. As expected, there is no noticeable influence on the vibrational breathing and stretching of the benzene rings. The free acid molecules seem to simply swell the polymer strands. The assignments of the Raman signals observed for the highly doped AB-PBI membranes are reported in Table 1 together with pristine AB-PBI to simplify a comparison.
The interactions of the AB-PBI membrane with PA can be mostly easily detected by the difference spectra reported in Fig. 3 . Difference spectra are obtained by subtracting the spectrum of the pure AB-PBI membrane from the spectra of the doped-membrane. In Fig. 3 are presented the two limiting cases, with lower (42 wt%) and higher (349 wt%) doping levels, in relation to the Raman spectrum of Fig. 2b and e, respectively. The spectra were normalized with the band centred at 964 cm À1 before subtraction. Spectral profiles I and II show the presence of increasing bands in the g regions (CQC and CQN stretching) due to the interaction of the acid protons of the PA with the nitrogens of the imidazole rings. In the b regions the signals are due to the benzimidazole ring stretching vibrations so that the acid uptake introduces modifications also in the segmental motion of the polymer backbone chains. The a region in the difference spectra, which is due to the C-H in plane bending vibrations, confirms the chain distortion in the polymer.
To check the stability of the doping degrees of the AB-PBI membranes doped with phosphoric acid, additional Raman measurements have been performed one month later with the same samples. In the meantime, the samples have been stored in sealed plastic bags, in darkness and at room temperature to limit interactions with atmosphere and hydration/dehydration processes. No evidence of further changes of the samples due to ageing or incomplete equilibration has been observed in the spectra: the peak due to free phosphoric acid (marked with arrows in Fig. 2 ) does not change in intensity and the Raman signals due to the formation of hydrogen bonds do not show significant variations. The doping and storage procedures for the membrane can be considered suitable for future tests involving phosphoric acid.
Conclusions
This paper reports a detailed study of the optical modes which are a powerful diagnostic of interactions between the chains of poly(2,5-benzimidazole) (AB-PBI) and the environment. AB-PBI membranes doped with phosphoric acid at various degrees have been prepared and investigated in regard to their spectroscopic properties.
The FT-Raman examination has provided information on the presence of hydrogen bonds between phosphoric acid and the N-H groups of the polymer. The shifts observed in Fig. 3 Difference spectra obtained by subtracting the Raman spectrum of a pure AB-PBI membrane (Fig. 2a) from the spectrum in Fig. 2b of the doped-membrane with 43 wt% doping degree (I) and from the spectrum in Fig. 2e of the doped membrane with 349 wt% doping degree (II).
the Raman scattering peaks of the benzimidazole ring indicate that molecules of phosphoric acid interact with each repeat unit of AB-PBI, corresponding to the available nitrogen sites.
At high doping levels, i.e. for high molar fractions of phosphoric acid, all the nitrogen sites of AB-PBI are protonated and an additional Raman signal corresponding to free phosphoric acid molecules can be detected.
The Raman region of the C-H vibrations provides insight into the swelling process in the polymer. It was shown by Raman measurements performed one month later that the samples have reached their equilibrium state using the described doping procedure.
This work demonstrates the Raman approach to improve the knowledge on acid doped AB-PBI: phosphoric acid seems to be responsible not only for the proton conduction necessary for the use in fuel cells, but also for plasticizing processes which swell the benzimidazole polymer membranes. A detailed assignment of the Raman modes can be also useful for further in situ/in operandum investigation on HT-PEFC.
